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In t roduct ion  

Inf ra red  r a d i a t i o n  has long been ignored i n  t h e  c a l c u l a t i o n  of  d r o p l e t  heat ing 
r a t e s  f o r  spray flames. Because most hydrocarbon f u e l s  a r e  r e l a t i v e l y  t r a n s -  
parent  t o  i n f r a r e d  r a d i a t i o n ,  it has been rout ine  t o  neglec t  r a d i a t i v e  heat ing 
a s  compared t o  t h e  very e f f e c t i v e  convect ive hea t ing  present  i n  high-temperature 
environments. Indeed, i n  one of  t h e  very few d e t a i l e d  i n v e s t i g a t i o n s  of t h i s  
problem, Berlad and Hibbard (1) found t h a t  r a d i a t i v e  heat ing of f u e l  drops was 
n e g l i g i b l e  compared t o  convection. More recent  work has considered t h e  rad ia-  
t i v e  hea t ing  of water drops ( 2 ) .  I n  t h i s  case a s  w e l l ,  t h e  r a d i a t i v e  hea t ing  
was small  when compared t o  convection. 

However, some experimental ‘ inves t iga t ions  have suggested t h a t  r a d i a t i o n  seems 
t o  improve combustion e f f i c i e n c y  (3) a s  w e l l  a s  increase  flame speeds (4) .  
Because spray  combustion i s  of ten  c o n t r o l l e d  by evaporat ion r a t e s ,  t h e s e  
r e s u l t s  suggest  t h a t  r a d i a t i o n  i s  somehow cont r ibu t ing  t o  t h e  evaporat ion 
process .  This  could be p o t e n t i a l l y  u s e f u l  f o r  f u t u r e  f u e l s ,  which may be more 
aromatic with lower v o l a t i l i t y  than convent ional  hydrocarbon f u e l s .  
example, Myers and Lefebvre ( 4 )  found t h a t  h ighly  aromatic f u e l s  had flame 
speeds which roughly cancel led t h e  e f f e c t s  of f u e l  v o l a t i l i t y .  
t h a t  increased  flame radiance v i a  aromatic  cont r ibu t ions  t o  s o o t  could hea t  
the  f u e l  spray  and diminish the importance of f u e l  v o l a t i l i t y .  

While it i s  c e r t a i n  t h a t  e a r l i e r  conclusions a r e  c o r r e c t  concerning t h e  r e l a -  
t i v e  magnitudes of r a d i a t i v e  versus  convect ive hea t ing  (1,2), previous s t u d i e s  
have not  considered t h e  s i t u a t i o n  where an ambient temperature spray  approaches 
a luminous flame. Referr ing to  Figure 1, a room temperature spray flows toward 
a s t a t i o n a r y  flame, o r  conversely, a flame propagates  through a room temperature 
spray.  
t h e  drops e n t e r  the  high-temperature flame f r o n t .  However, r a d i a t i o n  has oppor- 
t u n i t y  t o  hea t  t h e  f u e l  spray w e l l  ahead of t h e  flame f r o n t .  Furthermore, 
because t h e  drops a r e  bathed i n  room temperature a i r ,  any r a d i a t i v e  hea t ing  
they experience w i l l  be rap id ly  t r a n s f e r r e d  t o  t h e  surrounding a i r  v i a  convec- 
t i o n .  One can thus p o s t u l a t e  t h a t  r a d i a t i o n  w i l l  hea t  no t  j u s t  t h e  drops,  bu t  
the  a i r  a s  wel l .  The magnitude of t h i s  e f f e c t  i s  unknown. The a n a l y s i s  t h a t  
fol lows i s  a f i r s t  e f f o r t  t o  quant i fy  t h e  r a d i a t i v e  e f f e c t .  

The r a d i a t i v e  heat ing problem can be divided i n t o  t h r e e  subproblems: 

For 

They suggest  

I n  e i t h e r  case ,  t h e r e  is no convect ive hea t ing  of t h e  f u e l  drops u n t i l  

Radia t ive  energy absorbed by i n d i v i d u a l  drops. 
The e x t e r n a l  r a d i a t i v e  f i e l d .  
Conservation equat ions for  d r o p l e t  and a i r  thermal energy. 

Each of  t h e s e  subproblems has been t r e a t e d  i n  d e t a i l ,  but  due t o  space l i m i -  
t a t i o n s ,  only the  f i r s t  w i l l  be discussed i n  t h e  c u r r e n t  work. Subsequent 
p u b l i c a t i o n s  w i l l  combine r e s u l t s  from a l l  t h r e e  analyses .  
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The absorpt ion of r a d i a t i o n  by small p a r t i c l e  i s  covered i n  t h e  t e x t s  by 
Van de Hulst  (5) and Kerker ( 6 ) .  For the  general  problem, a laborious 
c a l c u l a t i o n  from t h e  Mie theory  i s  needed t o  a c c u r a t e l y  compute t h e  absorp- 
t i o n  f o r  a s i n g l e  p a r t i c l e .  However, under c e r t a i n  l i m i t a t i o n s ,  t h e  s p e c t r a l  
absorpt ion cross  s e c t i o n  i s  given by an  approximate formula: 

Qabs,A = 1 + 2exp (-4sn2)/4sn2 + 2[exp(-4sn2) - 1]/(4~n2)~ (1) 

where 

s = nD/h; t h e  s i z e  parameter of a p a r t i c l e  of diameter D subjec t  t o  
r a d i a t i o n  a t  wavelength A .  

n2 = t h e  imaginary index of r e f r a c t i o n  a t  wavelength A. 

The l i m i t a t i o n s  on Equat ion 1 a r e  t h a t  

n - 1 << 1, n2 << 1 (2a ,b)  

where n i s  t h e  index of r e f r a c t i o n .  The r e s t r i c t i o n  2b is e a s i l y  met f o r  f u e l s ,  
bu t  the r e s t r i c t i o n  2a i s  n o t  p r e c i s e l y  met because t h e  index of r e f r a c t i o n  f o r  
most fue ls  i s  approximately 1.3. However, f o r  s i m p l i c i t y ,  Equation 1 w i l l  be 
employed here ,  a s  i n  o t h e r  i n v e s t i g a t i o n s .  Chan and Grolmes ( 7 )  successfu l ly  
u t i l i z e d  Equation 1 t o  c a l c u l a t e  r a d i a t i v e  hea t ing  o f  water  drops (n = 1.33)  i n  
a nuclear  r e a c t o r  cool ing  process .  Plass ( 8 )  has compared t h e  exac t  Mie solu- 
t i o n s  t o  Equation 1 f o r  a range of values  of n. From h i s  r e s u l t s ,  it can be 
expected t h a t  Equation 1 w i l l  underestimate t h e  absorp t ion  c ross  sec t ion  when 
t h e  r e s t r i c t i o n  2a i s  not  met p r e c i s e l y .  More p r e c i s e  eva lua t ion  can be 
obtained with the  program due t o  Dave ( 9 )  o r  with t h e  e legant  ray- t racing 
procedure of Harpole (10) .  These complications a r e  excluded i n  t h i s  i n i t i a l  
i n v e s t i g a t i o n  but  could be e a s i l y  adopted i n  a more comprehensive ana lys i s .  

Referr ing t o  Figure 2a, it is assumed t h a t  t h e  s p e c t r a l  r a d i a n t  i n t e n s i t y  IA 
(W/m'-str-pm) is uniform i n  t h e  €I coordinate  b u t  has a s p e c i f i e d  i n t e n s i t y  

. d i s t r i b u t i o n  i n  $. Note t h a t  the r a d i a t i o n  d i r e c t i o n  i s  def ined a s  p o s i t i v e  
when leaving t h e  o r i g i n ,  so t h a t  t h e  convention t o  def ine  inc ident  i n t e n s i t y  
i s  a s  shown i n  F igure  2b. The power absorbed by a drop of diameter D from 
r a d i a t i o n  of wavelength A i s  then 

The i n t e g r a t i o n  i s  over  t h e  s o l i d  angle  R. 
independent of  €I and t h e  s u b s t i t u t i o n  p = cos $, Equation 3 reduces t o  

With t h e  assumption t h a t  IA is  

A: The term i n  bracke ts  i s  t h e  s p e c t r a l  i r r a d i a n c e  which w i l l  be denoted G 
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Furthermore, a s p e c t r a l  absorpt ion c o e f f i c i e n t  i s  def ined f o r  drops of 
diameter D : 

‘abs , A  = f D2Qabs , A  

Combining Equations 3 through 5 ,  

’abs ,A = ‘abs , AGA ( 7 )  

Because t h e  drop is  heated by t h e  power absorbed across  t h e  spectrum, Equa- 
t i o n  7 must be in tegra ted  over a l l  wavelengths t o  c a l c u l a t e  t h e  t o t a l  absorbed 
power: 

m m 

’abs = i ’abs ,AdA = ‘abs ,AGAdA (8) 

The t o t a l  i r r a d i a n c e  G is t h e  i n t e g r a l  of GA over t h e  spectrum: 
m 

G = J- GAdA 
0 

Then Equation 8 can be w r i t t e n  

m 

1 ‘abs ,AGAdA 
J- 

Pabs = G lo  oO 

This reduces t h e  expression f o r  absorbed power t o  

The express ion  i n  bracke ts  w i l l  be denoted t h e  t o t a l  absorpt ion c o e f f i c i e n t  
f o r  drops of  diameter D: 

0) 

J- 
o ‘abs,AGAdA 

‘abs - OD 

- 
’abs - ‘absG 

If t h e  s p e c t r a l  na ture  of t h e  i n c i d e n t  i n t e n s i t y  i s  given,  then t h e  va lue  of  
Cabs can be  computed from Equation 11. 
s p e c t r a l  output  along some d i r e c t i o n  p w i l l  be approximated a s  propor t iona l  
t o  a blackbody a t  t h e  flame temperature T f .  

For a soot ing ,  luminous f lame,  t h e  

That i s ,  
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Here, k ( p )  is  an e m i s s i v i t y  assumed independent of wavelength b u t  may vary 
wi th  p.  Because t h e  i n t e n s i t y  I represents  blackbody emission,  k(p) i s  
obviously r e s t r a i n e d  t o  va lues  bikween zero  and one. 

S u b s t i t u t i n g  Equation 13 i n t o  11, a long  wi th  t h e  d e f i n i t i o n  of GA from Equa- 
t i o n  5, t h e  t o t a l  a b s o r p t i o n  c o e f f i c i e n t  i s  

m 1 
I Cabs ,A(2n I, k(lJ)IAb(Tf)dP)dA 

(14) ‘abs - 1 

I (2n rl k(P)IAb(Tf)dP)dA 
0 

Noting t h a t  IAb (T ) does n o t  depend on p ,  t h i s  reduces t o  f 
m 

‘abs ,AIAb(Tf)dA 

‘abs - m 

From Equation 12, t h e  power absorbed by a s i n g l e  drop t h u s  depends upon eva lu-  
a t i n g  t h e  d r o p l e t  a b s o r p t i o n  c o e f f i c i e n t  through Equation 15 and t h e  e x t e r n a l  
i r r a d i a n c e  G .  Eva lua t ion  of Equation 14 can be completed a s  long a s  t h e  
imaginary index of  r e f r a c t i o n  np is known (versus  wavelength) f o r  t h e  drop 
medium. (Reca l l  t h a t  C a b s , ,  depends upon Qabs,A, Equation 6 ,  which i n  t u r n  

depends upon n2(A) through Equation 1.) 
transmission measurements of  s p e c t r a l  i n t e n s i t y  i n c i d e n t  on a l i q u i d  sample 
of th ickness  t :  

The value of  n p  may be obtained from 

(16) 
‘ A t  - = exp (-KAt) 
‘Ai  

where IAt and I 
A. 
following r e l a t i o n s h i p  (8 ) :  

denote  t h e  t ransmi t ted  and i n c i d e n t  i n t e n s i t y  a t  wavelength 
The a b s o r p t g n  c o n s t a n t  KA i s  r e l a t e d  t o  t h e  imaginary index through t h e  

Transmission measurements a s  i n  Equation 16 abound i n  re ference  manuals f o r  
spec t roscopic  i d e n t i f i c a t i o n  (12) .  However, such measurements a r e  seldom used 
f o r  q u a n t i t a t i v e  absorp t ion  c a l c u l a t i o n s  because of v a r i a t i o n s  i n  sample t h i c k -  

e x p l i c i t  d a t a  on n p  was otherwise found, s p e c t r a  from s e v e r a l  published sources  
w i l l  b e  used t o  c a l c u l a t e  nz .  Published absorp t ion  spec t ra  were cor rec ted  for 
window absorp t ion  by eva lua t ing  the  transmission through t h e  sample a t  a wave- 
length where t h e  f u e l  was t r a n s p a r e n t .  I n t e g r a t i o n  i s  performed between 2.5 
and 5.0 microns because hydrocarbons have no s i g n i f i c a n t  absorp t ion  bands below 
2.5 microns (1) and most of t h e  flame r a d i a t i o n  i s  charac te r ized  by wavelengths 
s h o r t e r  than  5 microns (13). 

ness ,  spectrometer response,  etc.  Despi te  t h e s e  l i m i t a t i o n s ,  and because no I 
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Figures  3 through 5 show t h e  r e s u l t i n g  c a l c u l a t i o n  of  C a s  a func t ion  o f  
drop s i z e ,  a t  flame tempera tures  1 ,200 ,  1,600 and 2,000ak? 
da ta  on t h e  f u e l s  t o l u e n e  (h ighly  aromatic)  and JP-4. The absorp t ion  s p e c t r a  
of t h e s e  f u e l s  were o b t a i n e d  from t h e  re ference  i n d i c a t e d  on t h e  f i g u r e s ,  and 
it is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  r e s u l t s  f o r  t o l u e n e  were c a l c u l a t e d  wi th  
s p e c t r a l  d a t a  obtained i n  1956 (1) and a l s o  w i t h  more r e c e n t  d a t a  (1985) from 
reference  (9). Despi te  d i f f e r e n t  t e s t  procedures ,  p a t h  l e n g t h s ,  e t c . ,  t h e  
r e s u l t s  a r e  e s s e n t i a l l y  t h e  same, provid ing  confidence t h a t  t h e  measured spec-  
t r a  a r e  s u f f i c i e n t l y  a c c u r a t e  f o r  t h e  p r e s e n t  c a l c u l a t i o n s .  F u r t h e r  i n s p e c t i o n  
of t h e  p l o t s  revea l  t h a t  t h e  f u e l  type  has o n l y  a modest e f f e c t  on C The 
modest d i f f e r e n c e s  between t o l u e n e  and JP-4 a r e  o f  minor importance ?!;pared t o  
the  order  o f  magnitude v a r i a t i o n s  observed w i t h  changes i n  t h e  drop s i z e .  For  
p r a c t i c a l  purposes ,  t h e s e  r e s u l t s  i n d i c a t e  t h a t  t h e  d i f f e r e n c e  i n  r a d i a t i v e  
adsorp t ion  p r o p e r t i e s  f o r  convent iona l  f u e l s  ( J P - 4 )  and aromatic  f u e l s  ( t o l u e n e ) ,  
i s  s u r p r i s i n g l y  s m a l l .  As was s t a t e d  a t  t h e  o u t s e t ,  t h e  a b s o r p t i o n  c o e f f i c i e n t  
can be used t o  e v a l u a t e  t h e  importance of r a d i a t i v e  hea t ing  f o r  t h e  propagat ing 
flame where convect ive h e a t i n g  i s  absent  u n t i l  t h e  drops e n t e r  t h e  flame. 
Because of space l i m i t a t i o p s ,  these  c a l c u l a t i o n s  w i l l  be included i n  a subse-  
quent p u b l i c a t i o n .  However, the  c u r r e n t  r e s u l t s  can  be used t o  v e r i f y  t h e  
e s t a b l i s h e d  not ion  t h a t  d r o p l e t  hea t ing  i s  dominated by convect ion i n  back- 
mixed f lames,  i . e . ,  p r a c t i c a l  burners .  I f  t h e  drops  e x i s t  i n  an  environment 
with a i r  temperature  T- = T 
t h e  r a t i o  o f  convect ive t o  r a d i a t i v e  hea t ing  i s  

Each p l o t  provides  

and b lack  w a l l s  r a d i a t i n g  a t  temperature  T f ,  then  f .  

Radia t ive  Heat ing - ‘abs 
Convective Heat ing - hnD2(Tf - Ts) 

Here, h i s  t h e  convect ion c o e f f i c i e n t  f o r  a sphere  i n  a q u i e s c e n t  environment 
and may be obtained from t h e  s tandard  Nusselt c o r r e l a t i o n  (13) ,  Nu = 2. Con- 
s i d e r i n g  condi t ions  which should exaggerate  t h e  above r a t i o  (T = 2,000°K, 
D = 100 microns) ,  t h e  above r a t i o  was found t o  be less t h a n  0.62. 
s ion  i s  t h a t  r a d i a t i o n  can b e  ignored when d r o p l e t  hea t ing  occurs  by convec- 
t i o n  and r a d i a t i o n .  

The conclu-  

Summary 

A simple procedure has  been descr ibed  t o  c a l c u l a t e  a d r o p l e t  absorp t ion  coef -  
f i c i e n t  f o r  i n f r a r e d  r a d i a t i o n .  The c o e f f i c i e n t  can be c a l c u l a t e d  with reasona-  
b l e  accuracy from s p e c t r a l  a b s o r p t i o n  data  on f u e l  samples. The c o e f f i c i e n t  
was c a l c u l a t e d  f o r  t h e  f u e l s  JP-4 and toluene.  R e s u l t s  were r e l a t i v e l y  insen-  
s i t i v e  t o  f u e l  type b u t  v e r y  dependent on t h e  drop s i z e .  As expected,  t h e  
r e s u l t s  demonstrate t h a t  convec t ion  i s  more impor tan t  than  r a d i a t i o n  in h e a t -  
ing  t h e  drop.  However, t h e  p r e s e n t  c a l c u l a t i o n s  a r e  necessary  t o  e v a l u a t e  t h e  
r a d i a t i v e  hea t ing  i n  s i t u a t i o n s  where no convec t ion  o p e r a t e s ,  i . e . ,  t h e  propa- 
ga t ing  flame. This  s i t u a t i o n  w i l l  be descr ibed  i n  a subsequent paper .  
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